Summary. Altered filtration of macromolecules due to decreased electrical charge of the glomerular basement membrane might be the initial step in the development of albuminuria in patients with Type1 (insulin-dependent) diabetes mellitus. We therefore investigated the selectivity index, i.e. renal clearance of non-glycated plasma albumin/clearance of glycated plasma albumin in 38 patients with Type 1 diabetes mellitus. The two albumin molecules differed slightly in charge, non-enzymatic glycated albumin being more anionic at physiological pH compared with unmodified plasma albumin. Glycated albumin in plasma and urine was determined by a specific, sensitive and highly reproducible chromatographic procedure. In diabetic patients with normal urinary albumin excretion, the selectivity index was increased threefold compared with that of non-diabetic subjects (2p < 0.01). A significant correlation (r = 0.53, 2p < 0.01) between haemoglobin Ale and selectivity index was demonstrated in these patients, indicating a change in charge-dependent renal filtration could possibly be attributed to non-enzymatic glycation of components in the glomerular basement membrane and tubuli. Diabetic patients with increased albumin excretion rate had a significantly lower selectivity index compared with patients with normal albumin excretion (2 p < 0.01). A significant negative correlation (r=0.85, 2p <0.001, exponential curve fit) was seen between urinary albumin excretion and selectivity index in the diabetic patients, indicating that the capability of differentiating between macromolecules of different charges is again lost with increasing urinary albumin excretion.
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In conclusion, the selectivity index is significantly increased in Type 1 diabetic patients with normal urinary albumin excretion, possibly due to non-enzymatic glycation of structural glomerular proteins. The selectivity index is again reduced with increasing urinary albumin excretion, possibly due to structural changes different from non-enzymatic glycation. This observation is in accordance with the hypothesis that loss of anionic charges due to reduced heparan sulphate content in glomerular basement membranes plays an important role in the early stages of diabetic renal disease.
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The structural alterations of glomerular basement membrane (GBM) leading to an increase of albumin excretion in the urine of patients with Type 1 (insulin-dependent) diabetes mellitus -the first clinical sign of diabetic nephropathy -are unknown. It has been hypothesized that an increase of urinary albumin excretion (UalbV) is related to alterations in cross linkage of GBM macromolecules induced by loss of anionic charges [1, 2] . According to the hypothesis, a decrease of anionic charges of the glomerular filtration barrier in patients characterized by increasing UalbV would be expected to be accompanied by a gradual loss of the ability of nephrons to differentiate between unmodified and glycated plasma albumin, two endogenous macromolecules which differ slightly in anionic charge; non-enzymatic glycated albumin is more anionic at physiologic pH compared with unmodified plasma albumin [3, 4] .
In order to test this hypothesis, we investigated the renal clearance of unmodified as well as glycated plasma albumin in patients with Type I diabetes and different albuminuric levels.
Subjects and methods

Subjects
Thirty-eight patients with Type I diabetes and a diabetes duration of more than three years were studied. They had no history of non-diabetic renal disease and all had a negative bacterial culture of urine. Nine normal non-diabetic persons with no history of renal disease or hypertension served as control subjects (group A). The diabetic pat- ients were subdivided into three groups (B, C, D) according to the level of albuminuria (median UalbV in at least three 24 h urine collections performed at home during normal physical activity). Group B consisted of 23 patients with normal UalbV (< 30 mg/24 h), group C comprised six patients with elevated UalbV (30-300 mg/24 h), and group D consisted of nine patients with clinical diabetic nephropathy (UalbV > 300 mg/24 h). All subjects gave their informed consent for participation. The clinical data are given in Table 1 . The patients in group B had a shorter duration of diabetes compared with groups C and D. Patients in group D had higher HbAlc levels compared with the other groups.
Methods
Glycated albumin was measured using the method described by Schleicher and Wieland [5] and modified for urinary albumin by Welinder et al. [6] . Briefly, urinary proteins were precipitated by 10% TCA, redissolved and dialyzed against 0.38 mol/1 ammonium bicarbonate at 4 °C and pH 7.5. Plasma and urinary albumin was isolated using affinity chromatography on Affigel Blue (BioRad, Richmond, Calif., USA). Disk electrnphoresis showed that this procedure excluded all proteins other than albumin. Recovery during the urinary isolation procedure was tested by adding human serum albumin (HSA) as well as in-vitro glycated HSA to urine from a normal control subject. Identical recoveries of 75% were found for HSA and glycated HSA [6] . After the isolation procedure albumin was hydrolyzed under Argon in 6-N HC1 at 110 °C for 20 h. The hydrolysis product of fructose-lysine, furosine, represents glycated lysine residues, whereas tyrosine represents total albumin, glyeated as well as non-glycated; it was therefore used as internal standard. Furosine and tyrosine were measured by reversed phase high performance liquid chromatography (RP-HPLC) at wavelength 280 nm and 254 nm respectively. Assuming a molecular weight of urine and plasma albumin of 68,000, each molecule containing 59 lysine and 18 tyrosine residues [7] , the molar concentration of glycated and non-glycated albumin-derived lysine in urine and plasma was calculated.. The concentration of albumin-derived glycated lysine was taken to be equivalent to glycated albumin, whereas the concentration of albumin-derived non-glycated lysine was taken to be equivalent to non-glycated albumin. The ratio between non-glycated albumin derived lysine elearance/glycated albumin-derived lysine clearance was expressed as selectivity index, SI. The interassay variation of serum and urine was 3.6 and 4.0%, the intraassay variation of serum and urine 1.9 and 3.1 respectively.
Twenty-four hour urine collection was performed in plastic bags under normal daily conditions and delivered to the hospital the following morning. All urine samples were prepared within 24 h after being stored at 4°C. At this temperature no non-enzymatic glycation occurs. Even at 20 °C and 200 mmol glucose/1 the amount of glycated albumin increased by only 1% per hour. At 37 °C and in high urinary glucose concentrations (200 mmol/1) the glycated albumin was increased 3-5 times/20h, dependent on pH. There was no difference between patients with normal UalbV and those with increased UalbV as to glucosuria and urinary pH. Only six patients in group C and D had urinary glucose concentration > 10 mmol/1, and in these patients no correlation to high glycated urinary albumin values was found.
HbAlc was measured by column chromatography [8] , normal range 4.2-6.4%, interassay variation 3.8%.
Urinary and plasma albumin was measured using and ELISA assay [9] , interassay variation 8.3%.
Serum creatinine was measured by reaction rate kinetic principle eliminating pseudo-creatinines [10] , interassay variation 2.5%. The Wilcoxon two sample test was used for comparison between the groups. Correlation was tested by linear regression analysis.
Results
The clinical data of the patients are shown in Table 1 . In patients with clinical diabetic nephropathy, i.e. albumin excretion > 300 rag/24 h and elevated blood pressure (2 p < 0.01), serum albumin was reduced (2 p < 0.01). Plasma albumin from control subjects contained about 0.27 p~mol glycated lysine per ~tmol plasma albumin ( Table 2 ). The renal clearance of non-glycated albumin was similar to that of glycated albumin, resulting in a mean selectivity index of 1.0 (range 0.61-1.89).
In diabetic patients the concentration of glycated plasma albumin ranged between about two-to threefold as high as in control subjects (Table 2) . A significant correlation was found between glycated plasma albumin and HbAtc (n = 38, r = 0.69, 2p < 0.001).
The clearance of glycated albumin was significantly reduced in patients with normal UalbV (group B, 2p < 0.01), whereas the clearance of non-glycated albumin was increased (ns), resulting in a three-fold increase of selectivity index Fig. 1 . In these normoalbuminuric patients a significant correlation between HbA1 c and selectivity index (r = 0.53, 2p < 0.01) was found (Fig. 2) , suggesting that non-enzymatic glycation affects charge-dependent renal filtration. Correlation between selectivity index and diabetes duration was found in neither this group nor in the total group of diabetic patients.
In patients with increased UalbV (groups C and D) the renal clearance of glycated albumin increased more than clearance of non-glycated albumin, resulting in a significant decrease of selectivity index (2p<0.01) Table2. Figure3 demonstrates a significant negative correlation (r=0.85, 2p < 0.001, exponential curve fit) between UalbV and selectivity index in diabetic patients, suggesting that increasing UalbV is related to a decrease of renal anionic charge.
Discussion
We used a sensitive and reproducible method for the identification of glycated and non-glycated albumin in urine and serum. In contrast to the thiobarbituric acid method, our method is specific for the detection of ketoamine linkages of glycated proteins [5] . In order to avoid additional non-enzymatic glycation of albumin during collection and transportation, urine samples were stored at low temperature, where non-enzymatic glycation of albumin does not occur. Furthermore, the mean glucose concentration of the urine was low and similar in the diabetic groups, eliminating the influence of any additional glycation of the albumin which might have taken place in the urinary bladder. Assuming that only one lysine residue among the 59 lysine residues of human plasma albumin can undergo glycation, we found that 27% of the total plasma albumin was glycated in normal control subjects. This is in agreement with the findings of Schleicher and Wieland [5] using the same method. However, the calculated fraction of glycated plasma albumin depends on the number of lysine residues which are actually glycated in normoglycaemic persons, and this number is not exactly known [11] . In diabetic patients the plasma concentration of glycated albumin was more than twice as high. A significant correlation was found between HbAlo and glycated plasma albumin in spite of different biological half-lives of these two proteins (17 and 3 weeks respectively). This correlation is in agreement with the observations made by others [12] .
The renal clearance of glycated and non-glycated albumin was almost identical in normal control subjects, resulting in a mean selectivity index of 1.0. In contrast, diabetic patients with normal UalbV demonstrated a significantly reduced clearance of glycated albumin combined with an increased clearance of non-glycated albumin, resulting in an increase of selectivity index to 3.25 (range 1A4-8.11). The increase of selectivity index in these normoalbuminuric diabetic patients might be explained by non-enzymatic glycation of components in the glomular basement membrane. If HbAto can be taken as an indication of the degree of glycation of components in the GBM, then the significant correlation between selectivity index and HbAlc in patients of group B supports this assumption. In the diabetic state several components of GBM, such as collagen IV [13] and fibronectin [14] , have been found to undergo nonenzymatic glycation at lysine residues [14, 15] . This glycation is expected to increase the anionic properties and alter the charge-dependent handling of macromolecules in the glomerular filtration barrier. Our observation of a reduced clearance of the more anionic glycated albumin in diabetic patients is in agreement with this hypothesis. We cannot exclude the possibility that the carbohydrate content of the glycated albumin molecule might facilitate filtration and/or reabsorption of these molecules [16] , thus playing a role in the renal differentiation between glycated and non-glycated albumin. In our study, however, the clearance of glycated and nonglycated albumin were not significantly different in control subjects. The role played by tubular mechanisms is unknown, but the excretion ofbetaz-microglobulin as a marker of tubular function in uncomplicated diabetes mellitus is normal [18] . The increased selectivity index found in normoalbuminuric patients is hardly explained by increased tubular reabsorption of the more anionically charged glycated albumin, since an increased tubular reabsorption of cationic albumin has been demonstrated in rats [17] . Our results disagree with previous observations of a preferential urinary excretion of glycated protein in diabetic patients [19, 20] . The method used by these authors for determination of glycated proteins was, however, less specific [5] and unreliable in our hands [6] .
The ability of the nephrons to distinguish between glycated and non-glycated albumin was gradually lost in diabetic patients with elevated UalbV. In patients suffering from clinical nephropathy the selectity index was not significantly different from control subjects in spite of high HbA1 o levels, and thus high levels of glycation of structural protein. The cause of this decrease of SI in diabetic patients with increased UalbV is unknown, but is probably due to a gradual loss of anionic charges in the GBM unrelated to non-enzymatic glycation, since HbAlo was similar in the groups.
Besides glycation of structural proteins, the anionic charge of normal GBM is attributed to the presence of carboxylated anions, glycosamine glycans (mainly heparan sulphate) and sialic acid [21] [22] [23] [24] . The concentration of heparan sulphate in the GBM of diabetic patients with glomerulosclerosis is reduced [25] , and it has been demonstrated that the de novo synthesis of sulphate rich proteoglycans is reduced in GBM of streptozotocin-diabetic rats [26, 27] . Furthermore, Vernier recently demonstrated that the number of anionic sites in GBM from diabetic patients is negatively correlated to the albuminuric level (Vernier; personal communication, 1985). He was also able to demonstrate that these anionic sites were rich in heparan sulphate [281. Thus, our finding of a negative correlation between selectivity index and UalbV could be explained by a reduction of the heparan sulphate units of the GBM in these patients. However, alterations in the content of sialic acid [29] and conformational processes related to advanced glycation products leading to loss of decarboxylatic acids in the GBM might also result in reductions of anionic charges and changes of charge-related handling of macromolecules.
In conclusion, selectivity index is significantly increased in Type 1 diabetic patients with normal urinary albumin excretion, possibly due to non-enzymatic glycation of structural glomerular proteins. The selectivity index is again reduced with increasing urinary albumin excretion, possibly due to structural changes different from non-enzymatic glycation. This observation is in accordance with the hypothesis that loss of anionic charges due to reduced heparan sulphate content in glomerular basement membranes plays an important role in the early stages of diabetic renal disease.
